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Intraoperative modification of the atrioventricular (AV)
node to prolong refractoriness could be an alternative
to His bundle ablation in patients with refractory supra-
ventricular arrhythmias. It was postulated that a cryo-
surgical lesion at the posterior interatrial septum in the
closed heart could achieve this. An electrophysiologic
study was performed in anesthetized dogs. The AV fat
pad was mobilized to expose the posteroseptal region. A
cryoprobe cooled to 0 to -lOoe was moved in the ex-
posed region until reversible AV block indicated prox-
imity of the AV node. The probe was then cooled to
- 700e for 30 seconds.
Four weeks later, five dogs had a favorable result
Fortuitous cure or palliation of supraventricular tachycardia
with preservation of atrioventricular (AV) conduction has
been observed after failed attempts at surgical (I) or catheter
(2,3) ablation of the His bundle. This has led to further
work (4-10) in an attempt to create a predictable negative
dromotropic effect with controlled injury to the AV node.
The purpose of the present study was to explore the feasi-
bility of AV node modification in the closed heart using a
cryoprobe applied at the base of the posterior interatrial
septum as has been described for surgical correction of the
Wolff-Parkinson-White syndrome (II). We hypothesized
that this posterior approach would result in freezing from a
posterior to anterior direction (Fig. I) and, it was hoped,
would damage the AV node while preserving the His bundle,
which is a more anterior structure.
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with a mean prolongation of Wenckebach cycle length
of 45 ± 7% (p < 0.05). Two dogs had complete heart
block. Decreased (one dog) or increased (one dog) du-
ration of freezing resulted in no change and complete
heart block, respectively. Histologic examination veri-
fied partial damage to the AV node with preservation of
the His bundle.
Thus, 1) controlled cryoinjury to modify AV node
function is feasible in the closed heart; 2) preservation
of AV conduction provides an advantage over His bundle
ablation.
(J Am Coli CardioI1987;10:389-98)
Methods
Experimental preparation. Eleven mature mongrel dogs
of either sex weighing 13 to 20 kg were used in the study.
One dog was killed on the first postoperative day because
of apparent severe pain and paralysis of the hind limbs. The
data from another dog were lost because of a technical error
in the recording system. These two dogs were excluded
from the final data analysis.
A 2.2 mg/kg body weight dose of xylazine was given
intramuscularly for sedation during transport from the an-
imal quarters to the laboratory, followed by 9 mg/kg sodium
pentobarbital intravenously to facilitate intubation. After
intubation, the dogs were ventilated with room air and a
blend of 100% oxygen and 1.5% halothane, using a volume-
controlled Harvard respirator. Body temperature was main-
tained with a circulating water blanket.
Electrophysiologic study. A standard 6F quadripolar
electrode catheter was positioned through the right common
carotid artery in the aortic root to record the His bundle
electrogram. The heart was exposed through a right tho-
racotomy and suspended in a pericardial sling. Quadripolar
plaque electrodes were sewn on the epicardial surface of
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Figure 1. Posterolateral view of the heart. In this diagrammatic
representation, theright atrium is "excised" forclarity. The cryo-
probe (CRYO) is applied to the posteroseptal region (the right
atrial-left ventricular sulcus). Theposterior approach allows colder
temperatures to be achieved at the atrioventricular node (AVN)
than at the His bundle, which is more anterior and farther from
the probe. AO = aorta; LA = left atrium; LV = left ventricle;
MS = membranous septum; PA = pulmonary artery; RV = right
ventricle; TV = tricuspid valve.
the right atrial appendage and the left atrium and on the left
ventricular apex for recording and stimulation.
Standard methodology was used for electrophysiologic
evaluation (12). Incremental pacing and extrastimulus test-
ing at drive cycle lengths of 300 to 450 ms from both atria
and the left ventricle were performed and repeated after
autonomic blockade using I mg/kg atropine and 2 mg/kg
propranolol. Pacing each atrium separately was used to as-
sess potential selective injury to different AV node inputs
(13,14). Autonomic blockade was intended to determine
effects of cryosurgery independent of innervation.
Surgery. After the electrophysiologic study, the AV fat
pad in the posteroseptal area (that is, interatrial septum and
posterior interventricular groove) was carefully dissected
from the atrial side of the AV groove and was mobilized
downward (Fig. 2). The details of surgical anatomy and the
procedurehave been described (11,15). After the dissection,
a 5 mm circular cryoprobe (Frigitronics, Inc.) was posi-
tioned on the lower part of the interatrial septum. To es-
tablish proximityof the cryoprobe to the AV node, the probe
was cooled to - 10°C. The position of the cryoprobe was
accepted (that is, it was considered adjacent to the AV node)
if complete heart block developed within 30 seconds(Fig.
I). Otherwise, a new site was selected and the test was
repeated. When the cryoprobe was correctly positioned, it
was left in place and cooled to - 60 to - 70°C with this
temperature held constant for a further 30 seconds. The
freezing temperatures and the timing were selected on the
basis of our results from previous studies (5,15). In one
dog, - 25°Cfor 15 seconds was used, and in another, freez-
ing at -70°C lasted for 60 seconds. At the end of the
procedure, the plaque electrodes were left in place and their
wires were brought out through the intercostal muscles and
were insulated in a silicone rubber sheath subcutaneously.
A ventricular demand pacemaker was implanted and the
chest was closed. A six lead surface electrocardiographic
(ECG) recording was taken on the first postoperative day
and weekly thereafter.
Restudy and pathologic examination. The electro-
physiologicassessment, includingautonomicblockade, was
repeated 4 weeks after the initial operation using the im-
planted wires, and the dogs were killed. All hearts were
removed for pathologic examination and fixed in 10% neu-
tral buffered formalin. The heart was opened by standard
postmortem techniques. A block of tissue, containing the
AV node, His bundle and proximal main bundle branches,
was excised from the right atrium and ventricle and sec-
tioned longitudinally at 3 mm intervals. Each tissue block
was oriented carefully and a preliminary section was taken.
Selected blocks demonstrating conduction system eletnents
were serially sectioned at 5 J.L thickness and every 40th and
41st section was stained with hematoxylin-eosin and
Movat's pentachrome stain, respectively.
Statistical analysis. Analysis of variance was used to
determinestatistical significancewith a probability (p) value
of <0.05 considered significant. Results are given as mean
± SE.
Results
Acute eleetrophyslologlc changes. All dogs sustained
complete AV block irnmediately after completion of freez-
Figure2. Inferior operative view oftheheart. Theatrioventricular
(AV) fat pad is dissected from the right atrium (RA) and AV
anulus in the region of interest. This allows positioning of the
cryoprobe (CRYO) in the right atrial-left ventricular (LV) sulcus
in close proximity to the AV node. CS = coronary sinus; IVC
= inferior vena cava. Other abbreviations as in Figure I.
LV
;f-i
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Table 1. ECG Changes in the Postoperative Period in Nine Dogs
Freeze Freeze
Dog Temperature Time Immediately Restudy
No. (0C) (s) After Freeze 5 Min 30 Min First Day First Week (4 weeks)
-60 30 CAVB CAVB, SR,BL SR (480 to SR (410 to SR,BL
IE (440) 1440) 1640) (1850)
2 -70 30 CAVB JCT JCT (640) PM PM CAVB
(930)
3 -25 15 CAVB CAVB, CAVB, IE SR (340) SR (400) NC
ASY
4 -60 30 CAVB CAVB, PM PM AVNM
IE
5 -60 30 CAVB CAVB, SR (550) PM SR (600) AVNM
ASY
6 -70 30 CAVB PM (atr) SR (570) JCT (520) SR (480 to AVNM
BL 520)
7 -70 60 CAVB CAVB, CAVB PM SR (600 to CAVB
ASY 800)
8 -70 30 CAVB SR,BL SR (490) VT (400) SR (470) AVNM
(480)
9 -70 30 CAVB SR,BL SR,BL (400) SR (400) AVNM
(420)
All values in parentheses indicate cycle length (ms). ASY = ventricular asystole; atr = atrial; AVNM = AV node modification; BL = second
degree AV block; CAVB = complete AV block; IE = insufficient escape rhythm; JCT = junctional rhythm; NC = no change compared with preoperative
data; PM = pacemaker rhythm (ventricular); SR = sinus rhythm; VT = ventricular tachycardia.
ing (Table 1). Ventricular asystole was the rule in the first
minute, although infrequent ventricular escape beats oc-
curred in half of the dogs (Fig. 3). Five minutes later, there
was no significant change in five dogs, whereas sinus rhythm
with block was present in two and junctional rhythm (cycle
length 930 ms) was observed in another.
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Figure 3. Dog 3. Heart rhythm im-
mediately after cryosurgery. A, Pre-
operative recording (right atrial pacing
at 500 ms cycle length [PCL]). B,
Postoperative recording (right atrial
pacing at 500 ms cycle length). Com-
plete atrioventricular block and ven-
tricular asystole are present on the
postoperative recording. Arrow,
Complete AV block. I and II = limb
leads I and II; A = atrial deflection;
H = His bundle deflection; HBE =
His bundle ECG; RA = right atrial
ECG; S = stimulus; V = ventricular
deflection.
RA
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Table 2. Electrophysiologic Mean Data of Five Dogs With Favorable AV Node Modification (mean ± SE)
Preoperative Postoperative
Control Autonomic Blockade Control Autonomic Blockade
R L R L R L R L
SCL (rns) 628 ± 50 515 ± 52 835 ± 157 595 ± 38
AH interval (ms) 88 ± 15 59 ± 3 123 ± 21 113 ± 24
HV interval (ms) 34 ± I 36 ± 2 31 ± I 33 ± 2
WCL (ms) 304 ± 14 300 ± 10 276 ± 14 270 ± 13 428 ± 56* 430 ± 57 396 ± 28* 390 ± 29*
AVN ERP (ms) 238 ± 10 219 ± 14 199 ± 10 203 ± 7 352 ± 27 341 ± 28* 349 ± 36* 347 ± 31*
(n = 3) (n = 4) (n = 3) (n = 4)
*p < 0.05 as compared with preoperative values. A = autonomic blockade; AVN ERP = AV node anterograde effective refractory period at a
pacing cycle length of 400 to 450 ms; Land R = left and right atrial pacing, respectively; SCL = sinus node cycle length; WCL = Wenckebach cycle
length.
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Autonomic blockade. Preoperatively, autonomic block-
ade resulted in significant (p < 0.0 I) shortening of the
Wenckebach cycle length (9.6 ± 2.0%), and the AH in-
terval (27.6 ± 8.8%, p < 0.05). No change was demon-
strated after autonomic blockade postoperatively (Table 2).
Shortening of the sinus cycle length after autonomic block-
ade was observed before and after surgery, although this
did not achieve significance (p > 0.05). AV node effective
refractory periods were not affected significantly by auto-
nomic blockade.
Figure 4. Effects of cryosurgery on Wenckebach cycle length
(WeL) in five dogs. Error bars, Mean ± SE. PREOP = before
cryosurgery (open circles); POSTOP = after cryosurgery (closed
circles). The high value on the broken line is 630 ms.
During the first 24 hours, profound variability of the
dominant rhythm was observed. Various combinations of
sinus rhythm, complete AV block, junctional rhythm and
ventricular tachycardia were seen on the recordings. Wenck-
ebach periodicity or 2:I AV block was present in several
dogs, but type II second degree AV block could not be
demonstrated (sinus cycle length 400 to 480 ms). Temporary
pacing was needed in all cases.
At the end of the first week, seven dogs had sinus rhythm
(cycle length 400 to 800 ms). In the remaining two, the
heart was paced.
Chronic eIectrophysiologic changes. At 4 weeks, one
dog had no change in AV conduction (Table I). A "low
dose" ( - 25°C for 15 seconds) freeze was used in this case.
In another one, a "high dose" (-70°C for 60 seconds)
freeze resulted in persistent AV block.
A group of seven dogs was treated with identical freeze
variables, - 60 to -70°C for 30 seconds. Two of these
dogs had exaggerated responses, complete heart block per-
sisting in one, and type II second degree AV block with
sinus bradyarrhythmia in the other (cycle length 1,000-1,850
ms). Slow, monomorphic ventricular escape rhythm (cycle
length 1,300 to 1,700 ms) with several long asystolic periods
was present in the dog with complete AV block, and the
other was pacemaker dependent.
The remaining five dogs had afavorable negative dromo-
tropic result (Table 2). In these animals the Wenckebach
cycle length was prolonged (45.2 ± 6.8%, p < 0.05) (Fig.
4 and 5) as was AV node effective refractory period (70.9
± 10.8%, p < 0.05). Although the AH interval lengthened
markedly in two dogs, the mean prolongation was not sig-
nificant (Fig. 6 and 7). The HV interval remained un-
changed. In several cases, junctional escape rhythms were
observed with His bundle deflections preceding V waves
(Fig. 8). The QRS complexes remained normal without
major change in the frontal axis on postoperative surface
ECG recordings. Preoperative and postoperative sinus rates
did not differ.
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Figure 5. Dog 6. Anterograde
Wenckebach pacing cycle length (PCL)
preoperatively and 4 weeks after cryo-
surgery. A, Preoperative recording
Wenckebach cycle length is 310 ms.
B, Postoperative recording Wencke-
bach cycle length is 450 ms. Abbre-
viations and symbols as in Figure 3.
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Figure 6. Prolongation of the AH interval due to cryomodifica-
tion. Closed circles, Postoperative HV interval; closed squares,
postoperative AH interval; open circles, control HV interval; open
squares, control AH interval. CL = cycle length.
Right versus left atrial pacing. There was no difference
in AV node functional properties when right and left atrial
pacing were compared both before and after surgery.
Pathologic results. The application of the cryoprobe
produced a roughly circular, well circumscribed fibrotic zone,
1.5 to 2.0 em in diameter, on the posterior pericardial sur-
face (Fig. 9). When viewed from the opened right side of
the heart, the right atrial endocardium showed an irregular
area of pallor varying from 0.3 to 1.0 em (Fig. 10). The
septal leaflet of the tricuspid valve showed focal thickening
and a gelatinous mucoid appearance in eight of the nine
dogs. A similar change was not present in the remaining
leaflets of this valve in any dog.
The tricuspid valve septal leaflet in eight of nine dogs
was focally thickened because of an increase in glycosa-
minoglycans as demonstrated by the Movatstain. This change
has been noted previously in association with cryosurgical
injury (5). The ventricular myocardium was not grossly
affected.
Histologic examination of the lesion showed well formed
scar tissue with occasional scattered macrophages remain-
ing. The lesion within the myocardium was generally sharply
demarcated from adjacent normal myocardium. Within the
adipose tissue of the interatrial septum, the lesion had a less
well defined boundary because irregular bands of fibrosis
extended out to invest groups of apparently viable adipose
cells.
The AVnode was not involved in the cryofreeze zone in
two dogs and was free of damage (Table 3), although in
both of these dogs there was a diffuse increase in nodal
fibrous connective tissue (Fig. 9A and B). It is difficult to
ascertain whether this represents a reaction to nearby injury
from the freeze or, alternatively, an age-related change as
noted in other studies (16). In one dog, the AV node lay
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Figure 7. Dog 6. Spontaneous heart
rhythm preoperatively (A) and 4 weeks
after cryosurgery (B). CL = cycle
length. Other abbreviations as in Fig-
ure 3.
entirely within the damaged zone. The His bundle of this
dog was also ablated to the point at which it entered the
central fibrous body.
The AV node of the six remaining dogs was incompletely
ablated because the freeze zone spared a variable distal
portion of the node (Fig. lOA and B). The bundle of His
in all six dogs was free of any damage.
Discussion
Previous studies. Elective interruption of normal AV
conduction with implantation of a permanent pacemaker has
proved useful in patients with disabling, drug-refractory
supraventricular arrhythmias (2,17-21). The various sur-
gical and cryosurgical techniques developed for this purpose
FI:r"lWIII,: I I'~ 'J" !I!llf ' I' I~I I I'1 11 1 1 1 1" / '1 1 1 1 kil' I II Jr ' -1 11 1 11 1 11 11 "111 111 1111· '
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Figure 8. Junctional rhythm in a dog
with complete atrioventricular block
after cryosurgery, The QRS complex
is unchanged compared with the pre-
operative one. Abbreviations as in
Figures I and 3.
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require open heart surgery and the resultant complete AV
block leads to lifelong pacemaker dependence (17,22,23),
In 1979, Pritchett et aI. (I) reported a fortuitous cure of AV
node reentry after a failed attempt at His bundle ablation.
This experience has been reported by others (2,3,26) both
intraoperatively and after attempted catheter ablation. The
precise mechanism underlying this modification has not been
completely elucidated. Nonetheless. elimination of tachy-
card ia or favorable slowing of AV conduction with pres-
ervation of AV conduction requires partial injury of the AV
node or His bundle.
The feas ibility of parti al damage to the AV node has
been demonstrated both by these fortuitous observations and
by carefully devised experimental and clinical studies. Hol-
man et al. (4) described a method in dog s that resulted in
permanent alteration of AV conduction. Nine discrete
cryoles ions were applied alon g the perimeter of the triangle
of Koch. Operative cure of patients with AV junctional
reentrant tachycardia was reported by Ross et al . (7 ), In-
cisions on selected sites along the perimeter of the triangle
of Koch prevented the recurrence of arrhythmias. while
normal AV conduction was preserved.
In this report, we describe a technique for the controlled
Figure 9. Dog 3. Histologic sections of the atrioventricular node.
A, Note the increased fibrous connective tissue replacingand sep-
arating nodal cells. This may represent a reaction to a nearby
cryosurgical lesion (hematoxylin-eosin stain; original magnifica-
tion x 25, reduced by 29%). B, Higher magnification of same
area showing considerable diffuse fibrosis (hematoxylin-eosin stain.
original magnification x 400. reduced by 29%).
cryothermal injury to the AV node using a closed heart
approach. Our arbitrary definition for " favorable modifi-
cation" is a ;::::- 30% prolongation of the Wenckebach cycle
length ,
Chronic eIectrophysiologic changes after cryothermal
injury to the AV node. Freezing at - 60 to - 70°C for
30 seconds resulted in a negative dromotropic effect in five
of seven dogs. Alteration in temperature and timing resulted
in either no change in conduction or in complete AV block,
indicating a fairly narrow " therapeutic range " of freezing .
In our previous report (5), favorable modification was in-
duced by a - 30°C freeze for 15 to 30 seconds, whereas
complete heart block invariably resulted when cooler tem-
peratures were used (5). An open heart approach was used,
with direct application of the cryoprobe to the AV node
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Figure 10. Dog 6. Histologic sections of the atrioventricularnode.
A, A portion of the node (lower) is normal; however, the proximal
portion (top) has been completely replaced by fibroustissue. There
is a sharp demarcation along the edge of the freeze lesion (arrows)
(hematoxylin-eosin stain, original magnification x 25, reduced by
31%). B, Higher magnification. The tot> portion shows dense scar
tissue (hematoxylin-eosin stain, original magnification x 400; re-
duced by 31%).
region under inflow occlusion. In our present series, the
closed heart approach was used and cooler temperatures
were required. Although the AV node is very close to the
epicardium in the AV groove (24), the insulating effect of
residual adipose tissue and the warming effect of the large
heat source of undisturbed intracavitary circulation probably
modify the resultant injury.
B
The most consistent electrophysiologic changes in this
study were prolongation of Wenckebach cycle length and
increase in the AV node effective refractory period. Normal
postoperative HV intervals and pathologic examination ver-
ified that the His bundle was preserved.
Complete AV block occurring immediately after cry-
osurgery resolved within 30 minutes in most cases. How-
Table 3. Summary of Conduction System Lesions in Nine Dogs
Dog
No. AV Node His Bundle LB RB
I PO P P P
2 PO P P P
3 p* p* p* P
4 PO P P P
5 PO P P P
6 PO P P P
7 A A P P
8 p* P P P
9 PO P P P
*These structures showed diffuse increase in connective tissue, which may have been an age-related change.
LB and RB = proximal left and right bundle branches, respectively; A = ablated; P = preserved; PO =
partial damage.
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ever, it could not be determined with certainty which dogs
would need permanent pacing even at the end of the first
week. Temporary pacing was required in each animal.
Effects of autonomic blockade. During autonomic
blockade, the direction and magnitude of the observed changes
remained basically the same as they were in the drug-free
state. The shortening of Wenckebach cycle length and AH
interval, induced by the autonomic blockade before surgery,
could not be observed after the cryosurgical modification.
According to these findings, the negative dromotropic effect
was the result of a structural change in the AV node, in-
dependent of innervation. The marked preoperative positive
dromotropic effect after autonomic blockade can be ex-
plained by high parasympathetic tone in dogs (25). This
high parasympathetic tone may contribute to the observed
sinus bradyarrhythmias in the follow-up period.
Right versus left atrial pacing. AV node function did
not differ significantly with right atrial versus left atrial
pacing, either before or after surgery. Thus, "selective dam-
age" to right or left atrial inputs to the AV node did not
occur with this technique.
Pathology. The structural correlate of AV node modi-
fication using this technique is partial, patchy destruction
and fibrosis of the node. Four of five dogs with favorable
modification clearly displayed this histologic picture. The
bundle of His was spared in eight of nine dogs. In one, the
proximal part of the bundle was completely ablated. A higher
than usual "dose" of cryoinjury was applied in this case,
and permanent complete AV block was found at restudy.
Advantages, applications and limitations of this tech-
nique. A negative dromotropic effect can be achieved in
the majority of cases electively with preservation of AV
conduction. Selective damage to the AV node as opposed
to the His bundle results from posteriorly to anteriorly di-
rected cryoinjury with relative protection of the His bundle
by the heat source of circulating blood. The procedure is
performed on the normothermic, beating heart and obviates
the need for cardiopulmonary bypass. By using cooler tem-
peratures or longer freezing time, the technique can also be
used for elective induction of complete AV block. Relative
sparing of the distal His bundle may result in faster junc-
tional escape rhythms than are observed with techniques
that nonselectively damage the whole AV node and His
bundle region. Finally, the preparation may be a suitable
animal model of chronic AV node disease for pharmacologic
and other studies.
The approach, although involving a "closed heart," is
still surgical, and requires thoracotomy. Nonetheless, it may
be especially suitable for patients with refractory atrial flutter
or fibrillation or AV node reentry requiring concomitant
cardiac surgery or for those in whom failure to record a
satisfactory His bundle deflection precludes catheter abla-
tion. A potential limitation is the difficulty in evaluating the
success of the procedure intraoperatively. The outcome may
not be evident for several weeks.
We thank Suzanne Stewart for manuscript preparation and Eileen Jarvis
and Davut Aksoy for technical assistance.
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